It has been shown1 that in a cell-free system of protein synthesis from Escherichia coli, containing ribosomes purified by O-(diethylaminoethyl) cellulose (DEAEcellulose) chromatography, two factors (F1 and-F2) usually-removed during the purification of the ribosomes are required for the translation of natural messengers such as MS2 phage RNA. Polypeptide synthesis with some synthetic messengers (e.g., poly A) does not require these factors. However, with synthetic oligonucleotides having an AUG codon as the first or second triplet from the 5'-terminus, the incorporation of methionine and other amino acids into acid-insoluble products, as well as the transfer of methionine from met-tRNAF2 into peptide linkage, is markedly stimulated by the factors. On the other hand, methionine from mettRNAM is not transferred into peptide linkage, with oligonucleotide messengers having an initial AUG codon, whether in the absence or presence of factors.
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Formyl-met-tRNAF is involved in initiation of polypeptide synthesis in E. coli, with synthetic polynucleotides3 and natural RNA messengers,4-7 a reaction mediated by AUG, GUG, or UUG codons.3 8 On the other hand, met-tRNAM, with AUG as codon, effects the insertion of methionine residues into internal positions of the polypeptide chains.3 These and the above observations led to the conclusion that the factors are concerned with initiation of protein synthesis.1 Independent observations in other laboratories have suggested8 or provided evidence9-11 for the existence of factors that appear to be involved in chain initiation.
Further work in our laboratory has sought answers to the following questions: (a) the specificity of transfer of formylmethionine or methionine residues, from formyl-met'-tRNAF or met-tRNAM, respectively, with regard to oligonucleotide messengers having an AUG codon at either the 5'-end (as in AUGAn) or the 3'-end (as in AnAUG), the latter as a model for an "internal" methionine codon, and the effect of factors thereon; and (b) the mode of action of the factors.
The results, presented in this paper, show: (a) Transfer of methionine into peptide linkage from formyl-met-tRNAF occurs with AUGAnh messengers and is factor-dependent. Transfer RNA: The two methionine-accepting species of tRNA were obtained from E. coli B as previously described. ' The tRNAM fraction, which was contaminated with about 5%0 of tRNAF, was acylated" with C'4-methionine (specific radioactivity, 190 ,uc/jAmole). For the preparation of formyl-met-tRNAF, the tRNAF fraction was acylated with either C"4-methionine (specific radioactivity, 224 hsc/,umole) or S3"-methionine (specific radioactivity, 175 luc/lumole) in the presence of N"°-formyltetrahydrofolic acid. PROC. N. A. S.
followed by neutralization, and the acid-insoluble radioactivity was determined as previously described.' Transfer of methionine from formyl-met-tRNAF or met-tRNAM into peptide linkage: The composition and treatment of the samples (final volume, 0.14 ml) was as in the amino acid incorporation experiments except for the omission of uncharged tRNA, the omission of amino acids other than nonlabeled methionine and lysine, and the addition of lys-tRNA labeled with H'-lysine and methionine-labeled formyl-met-tRNAF or met-tRNAM in the amounts given in Table 2 . The incubation was for 10 or 20 min at 370.
Binding of aminoacyl-tRNA to ribosomes: Samples contained, in a volume of 0.05 ml, TrisHCl buffer, pH 7.2, 100 mM; NH4Cl, 50 mM; magnesium acetate, 5-20 mM; purified ribosomes, 3.0 A2,0 units; labeled aminoacyl-tRNA, 11-16 ,ijimoles; without or with trinucleotide, 0.2 A260 units; and without or with factors in the amounts specified in the legends. The course of the binding reaction was followed by incubating samples for various time intervals from 1 to 10 min. The incubation temperature was 160, 240, or 250, depending on the experiment. Binding was determined as described by Nirenberg and Leder,'5 washing in each case with the same buffer in which the incubation had been conducted. The filters were dried, inserted into scintillation vials, and the ribosome-bound radioactivity was measured in a Packard Tri-Carb liquid scintillation spectrometer. The scintillation fluid contained 4 gm of PPO and .50 mg of POPOP per liter of toluene.
Results. -Translation of oligonucleotides with an AUG codon in different positions of the chain: Previously it was shown that the effect of the factors can be correlated with an AUG codon, when present as the initial or the second triplet at the 5'-terminus of synthetic oligonucleotides.' In Table 1 (expt. 1) it may be seen that the translation of a polymer with the AUG triplet near the 5'-end but out of phase, as in A3UGAj4, is markedly enhanced by the factors. This is in line with recent results of Thach et al. 8 showing that AUG codes for formylmethionine, whether at the 5'-end or in the immediate vicinity, even when out of phase. In contrast, shifts in reading frame rarely occurred with oligonucleotides having codons other than AUG near the 5'-terminus.'6 This supports the view" that in the vicinity of the 5'-end of a polynucleotide, AUG acts as a phase-selector codon. Clearly, AUG triplets near the 5'-terminus do not behave as internal methionine codons.
Oligonucleotides of the type AnAUG were therefore synthesized and tested. As shown in Table 1 (expt. 2) the factors do not affect the translation of A-jAUG. Effect of factors on the binding of formyl-methionyl-tRNAF to ribosomes: It was previously suggested' that the factors might be involved in the formation of the first peptide bond between formyl-methionyl-tRNAF and the next amino acid. In order to elucidate this point, the reaction between formyl-met-tRNAF and puromycin'0 was studied. The formation of formyl-methionyl-puromycin is not dependent on factors when, prior to the addition of puromycin, the ribosomes are preincubated (at 10 mM\1 Mg++) with the trinucleotide ApUpG (AUG) and formylmet-tRNAF, according to Leder and Bursztyn.20 However, when the kinetics of formyl-methionyl-puromycin formation is followed under the same conditions, but without preincubation, the results shown in Figure 1A are obtained. The formation of formyl-methionyl-puromycin is slow when no factors are added or with F, alone. Addition of F2 stimulates the reaction and both factors together are still more effective. These observations suggested that some other step in the reaction between formyl-met--tRNAF and puromycin was rate-limiting. When the kinetics of binding of formyl-met-tRNAF to ribosomes in the presence of AUG is studied (Fig. 1B) , the effect of the factors is found to be similar to that observed in the reaction with puromycin. These results indicate that the factors are involved in the binding of formyl-met'tRNAF to ribosomes and not in the formation of the peptide bond between formylmethionine and puromycin.
In order to ascertain whether the factors affect specifically the binding of formylmet--tRNAF or whether they are also involved in the binding of other aminoacyl -tRNA's, the binding of glycyl-tRNA and lysyl--tRNA to ribosomes was studied. A kinetic analysis of the binding of glycyl--tRNA to ribosomes in the presence of 3IOCHEMISTRY': SALAS ET AL. whemoles; the trinucleotide was GpGpU (GimU Figure 2A . It Figure 2B .
Complete dependence on factors of the ribosomal binding of formyl-met -tRNAF mediated by AUG is obtained at 55 mM\\Mg++ as shown in Figure 3 11 psmoles; Ci4-glycine-labeled glycyl-tRNA, 14 ,upmoles. Incubation, 5 min at 250. The specific radioactivity of the amino acids used to charge the various tRNA's is given under "Transfer RNA" in Materials and Methods.
Clark and Marcker3 first reported that methionine from formyl-met (or met)-tRNAF is incorporated into amino-terminal positions of polypeptide chains in E. coli systems, in the presence of either poly AUG or poly UG. They further observed ribosomal binding of this aminoacyl-tRNA with the following trinucleotides: ApUpG > GpUpG > UpUpG. At high Mg++ concentrations (20 mM) we find binding of formyl-met-tRNAF, without added factors, with each of the trinucleotides mentioned and in the above order of effectiveness (Table 3 , line 1). At 5 mi\J Mg++ there is no binding of formyl-met-tRNAF with any of the above oligonucleotides (AUG, GUG, UUG) or of glycylktRNA with GGU, in the absence of factors (Table 3 , line 2). Addition of F, + F2 promotes the binding of formyl-met-tRNAF with AUG and GUG, but not with UUG (Table 3 , line 4). Also, as already noted, at 5 mM Mg++ the factors have no effect on the binding of glycyl-tRNA with GGU.
Since polyamines reportedly stimulate polypeptide synthesis directed by synthetic polynucleotides,22 the effect of spermidine on the binding of formyl-met-tRNAF (with AUG) and glycyl-tRNA (with GGU), at 5 mM Mg++ and in the absence or presence of factors, was investigated. As shown in Table 3 (lines 2 through 5), 5 mM spermidine stimulates the AUG-dependent binding of formyl-met-tRNAF and the GGU-dependent binding of glycyl-tRNA, in the absence or presence of factors. However, since F, and F2 promote the binding of formyl-met--tRNAF, but not that of glycyl--tRNA, the spermidine effect, like that of Mg++, is nonspecific and therefore differs from that of the initiation factors.
Discussion.-The results presented in this and in the preceding paper' show that two factors recovered from E. coli ribosomes are involved in the initiation of translation at least in part through a specific effect on the binding of formyl-met'-tRNAF to ribosomes mediated by the AUG codon. Independent evidence for the occurrence of factors required for the translation of natural messenger RNA's, and thus probably concerned with initiation, has been recently presented by Brawerman and Eisenstadt9' 10 and by Revel and Gros."' Dependence of the binding reaction and polypeptide synthesis on the initiation factors is pronounced at low Mg++ concentrations (5-10 mM) and decreases at higher concentrations of this cation. Nevertheless, the factors specifically affect the binding of formyl-met'-tRNAF for, even at low Mg++ concentrations, they have no effect on the binding of other aminoacyl-tRNAs, e.g., the GGU-mediated binding of glycyl-tRNA. Spermidine can partially substitute for Mg++, but its effect on binding like that of Mg++ is nonspecific. The initiation factors probably facilitate the interaction of met'-tRNAF (whether formylated or not3) with the peptidyl (donor) binding site of the ribosome, for there are indications'9' 23 that met-tRNAF binds to this site, whereas met-tRNAM binds to a different one, probably the amino-acyl (acceptor) site.
As previously shown for peptide synthesis, ' both F, and F2 are needed for maximal stimulation of binding. The fact that F2 alone has some effect may be due to contamination of this factor with F,, to the presence of some F, on the purified ribosomes, or both. The actual role of each factor remains to be determined.
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